Abstract-A new tapered slot antenna is proposed for the radiation of pulse for wideband system applications. This structure consists of a tapered flare slot radiator that is attached with two delay lines in which resistors to absorb the remaining energy. High radiation efficiency and low ring of the antenna have been demonstrated with measurement results.
INTRODUCTION
A typical tapered slot antenna (TSA) consists of a gradually widening slot in a metallic plate printed in a substrate. Much research on TSA has been conducted for the use in communication systems, remote sensing, etc. [1] [2] [3] [4] . TSA has several types such as the linearly TSA (LTSA), the constant width slot antenna (CWSA), and Vivaldi TSA. TSA is also suitable to be used in a ground-penetrating radar (GPR) system because it has an end-fire radiation pattern and can radiate a short pulse with a constant phase center. Compared with other antennas, TSA is light in weight, possesses a simple geometry, and is suitable for an antenna array. To work as a pulse antenna, it must possess a wideband.
In transient electromagnetic applications, such as pulse ground-penetrating radar (GPR), an antenna works as a pulse radiator, which is required to radiate as much energy of a short pulse as possible at one time. It is essential for the antenna to have sufficiently small late-time ring in order to prevent masking of signals from the target. If an antenna is unable to radiate all energy at one time, the remaining energy will be reflected within the antenna structure and will be reradiated into space in the following time to form the late-time ring. To decrease the ring, resistive loads and/or resistive-capacitive loads were used in pulse antennas [1, 2] to absorb the remained energy. However the loaded resistors will decrease the radiation efficiency of antenna. Before the pulse currents go to the end of the antenna, at which the energy will be radiated into space, and/or when the pulse currents radiate energy during the process of traveling to the end of the antenna, the loaded resistors will absorb the energy while the pulse currents go along the antenna. After the energy has been radiated at the radiating point, the currents carrying remained energy must go back along the original path, and the loaded resistors placed in the original path will absorb the remained energy. In this way, the reflected energy at input port of the antenna is decreased, and its impedance bandwidth is improved. However, the loaded resistors do not make the reflected energy at the end of the antenna vanish unless the currents close to the end decrease to zero [3] . If the ends of the antenna are the main radiating points of energy, it is very difficult to eliminate the reflection from the ends without a large sacrifice of radiation efficiency.
If the antenna is not open that has an additional current path, currents carrying the remained energy can flow along the additional current path, and the loaded resistors can be placed in the additional current path to absorb the remained energy that causes the ring after the energy has been radiated at the radiating point. Because these loaded resistors do not absorb energy before the antenna radiates the energy into space, the radiation efficiency will be improved.
A tapered slot antenna (TSA) [4, 5] has been considered well suitable for use in a GPR system because it has a wide bandwidth and an end-fire radiation pattern. Compared with monopole antenna, however, the resistive loads is difficult to implement in TSA. Without those resistive loads, a late-time ring will appear. A delay-line loaded TSA in [6] can delay the time of ringing appearance beyond the time of appearance of the target signal. In this way, the ring does not cause the masking of signals from target. But at the ends of delay lines and turning points, some reflection still exists, which is not good for the performance of the antenna.
In this letter, a new type of TSA loaded with resistive delay line has been realized, where the antenna is fed by a microstrip line. The slot-line is etched on the ground plane of the microstrip line, in which one sides is a narrow open port while the other side is a gradually widening slot as radiating port. At the ends of tapered flare slot, there are two delay lines that are about 1m long, and resistors are attached in the delay lines to absorb the remaining energy. Before the pulse currents reach the ends of the tapered flare slot and radiate most of energy into space, these resistors have no interference with the currents and there is no loss of energy. Only after the unvarnished currents carrying remaining energy go along the delay lines with resistors attached, there is a loss of energy. Hence the radiation efficiency of the antennas will be relatively higher compared with the traditional resistive loaded antennas.
II. ANTENNA DESIGN
The configuration of the proposed TSA loaded with resistive delay line is shown in Fig. 1 
III. NUMERICAL SIMULATION AND MEASUREMENT RESULTS
Indoor experiments have been done, and two identical antennas are used, and one is used as the transmitting antenna while the other is used as the receiving antenna. Fig. 2 illustrates the waveform of the pulse signal to be transmitted. Fig. 3 shows the waveform of the received signal using the TSA loaded with resistive delay line, and Fig. 4 is the waveform of the received signal using antennas without resistive delay lines. From the comparison between Fig.3 and Fig.4 , it is obvious that the ring of the received signals with resistive delay lines is smaller than the counterpart without resistive delay lines. The relatively large ring in following time is caused partly by reflections from environment. It is interesting to observe that the magnitudes of the first pulse of the received signals with and without resistive delay lines are almost the same. In the calculation of radiation efficiency, the energy of all the radiated pulses must be included. In the application of GPR system, however, only the first pulse of the signal is useful, and the other pulses are harmful. In this manner, the antenna loaded with resistive delay lines has not decreased the actually useful radiation efficiency. Fig. 5 and Fig. 6 present waveforms of the received signals using the same antennas loaded with resistive delay lines as those in Fig.3 , where the distances between the transmitting and receiving antennas are 50cm and 190cm, respectively. In the Fig. 7 and Fig. 8 , the distance between the two antennas is kept at 95cm, and the receiving antenna is turned in the Eplane and in the H-plane, respectively. Figs. 7 and 8 show waveforms of the received signals. Among all the above results, we can clearly observe the effects of resistive delay lines. 
